1. Introduction {#sec1-molecules-16-05054}
===============

Recently, the consumption of dietary polyphenols has been associated with a reduced risk of developing chronic conditions such as diabetes mellitus and cardiovascular diseases \[[@B1-molecules-16-05054],[@B2-molecules-16-05054]\]. Grape seeds are considered as a good source of polyphenolic compounds which have been shown to have various beneficial pharmacological effects, including anti-hyperlipidemic \[[@B3-molecules-16-05054]\], anti-inflammatory \[[@B4-molecules-16-05054]\], and antibacterial activities \[[@B5-molecules-16-05054]\]. Polyphenols in grape seed are mainly gallic acid and the monomeric flavan-3-ols catechin and epicatechin \[[@B6-molecules-16-05054],[@B7-molecules-16-05054],[@B8-molecules-16-05054]\]. These polyphenolic compounds have generated a remarkable level of interest based on their protective effects in dyslipidemia and cardiovascular diseases. For example, gallic acid shows evidence of suppression of a high-fat diet-induced dyslipidemia, hepatosteatosis and oxidative stress in rats \[[@B9-molecules-16-05054]\]. A recent study has clearly revealed that polyphenols, mainly catechins, have anti-oxidative properties by the inhibition of Low-Density Lipoproteins (LDL) oxidation \[[@B10-molecules-16-05054],[@B11-molecules-16-05054]\]. Furthermore, epicatechin also protects endothelial cells against oxidized LDL by scavenging free radicals and maintaining nitric oxide synthase \[[@B12-molecules-16-05054]\]. Although the anti-dyslipidemic activities of the major polyphenols in grape seed have been well investigated, studies regarding their effects on cholesterol digestion and absorption have not been undertaken. Therefore, the aim of the study was to evaluate the effects of major polyphenols in grape seed -- gallic acid, catechin, and epicatechin -- on the inhibition of pancreatic cholesterol esterase, bile acid-binding capacity, and the solubility of cholesterol micellization.

2. Results and Discussion {#sec2-molecules-16-05054}
=========================

2.1. Inhibition of Pancreatic Cholesterol Esterase {#sec2dot1-molecules-16-05054}
--------------------------------------------------

As shown in [Figure 1](#molecules-16-05054-f001){ref-type="fig"}, gallic acid, catechin and epicatechin significantly inhibited cholesterol esterase in a concentration-dependent manner. However, these compounds (IC~50~ \> 100 μg/mL) were less potent than simvastatin (IC~50~ = 0.08 ± 0.01 μg/mL) which was used as a pancreatic cholesterol esterase inhibitor. In general, pancreatic cholesterol esterase plays an important role in hydrolyzing dietary cholesterol esters which liberates free cholesterol in the lumen of the small intestine \[[@B13-molecules-16-05054]\]. Furthermore, it enhances the incorporation of cholesterol into mixed micelles and aids transport of free cholesterol to the enterocyte \[[@B14-molecules-16-05054]\]. Therefore, the inhibition of cholesterol esterase is expected to limit the absorption of dietary cholesterol, resulting in reduced cholesterol absorption. In the present study, we found that three polyphenols inhibit pancreatic cholesterol esterase which may enhance control of the bioavailability of dietary cholesterol derived from cholesterol esters and the limitation of absorption of free cholesterol into blood circulation. Our previous study has shown that grape seed extract markedly inhibits pancreatic cholesterol esterase \[[@B15-molecules-16-05054]\]. It can be inferred that the pancreatic cholesterol esterase inhibitory activity of grape seed extract may be partly due to the effect of these three polyphenols.

2.2. Bile Acid Binding {#sec2dot2-molecules-16-05054}
----------------------

The percentages of taurocholic acid and glycodeoxycholic acid binding of gallic acid, catechin, and epicatechin are shown in [Figure 2](#molecules-16-05054-f002){ref-type="fig"}A and [2](#molecules-16-05054-f002){ref-type="fig"}B. They bound to bile acids in a concentration-dependent manner. When comparing the concentration of polyphenols (1 mg/mL), the percentage of taurocholic acid binding was: gallic acid (38.64 ± 0.77%) \> catechin (34.26 ± 0.77%) \> epicatechin (28.17 ± 0.61%), whereas cholestyramine bound 61.2 ± 1.27% of taurocholic acid. Considering glycodeoxycholic acid, the percentage binding was: gallic acid (38.73 ± 0.68%) \> catechin (33.92 ± 0.39%) \> epicatechin (32.43 ± 0.46%) and cholestyramine bound an average of 67.34 ± 5.45%. The percentage of taurodeoxycholic acid binding by gallic acid, catechin, and epicatechin is shown in [Figure 2](#molecules-16-05054-f002){ref-type="fig"}C. The percentage of taurodeoxycholic acid binding by gallic acid (35.31 ± 0.67%) was similar to catechin (33.93 ± 0.37%), and epicatechin about 34.86 ± 0.45%, respectively, whereas the percentage of taurodeoxycholic acid binding of cholestyramine (1 mg/mL) was 74.36 ± 1.13%.

The binding of bile acids and increasing of their fecal excretion have been hypothesized as a possible mechanism for lowering plasma cholesterol levels. Cholestyramine, a bile acid sequestrant, disrupts the enterohepatic circulation of bile acids by sequestering them and preventing their reabsorption from the gut; this consequently reduces the bile acid pool. A greater amount of cholesterol is converted to bile acids to maintain a steady level in blood circulation leading to a decreased plasma cholesterol level \[[@B16-molecules-16-05054]\]. The present study indicates that gallic acid, catechin, and epicatechin exhibit a primary bile acid-binding capacity (glycodeoxycholic acid and taurocholic acid). As in our previous report, taurocholic acid, glycodeoxycholic acid and taurodeoxycholic acid are bound by grape seed extract to a degree of 30%, 70% and 25%, respectively \[[@B15-molecules-16-05054]\]. We suggest that the ability of grape seed extract to bind bile acids may be linked to the gallic acid, catechin, and epicatechin content. Interestingly, it has been reported that the high level of secondary bile acid is associated with increased risk of developing colorectal cancer \[[@B17-molecules-16-05054]\]. The results also show that gallic acid, catechin, and epicatechin bind to the secondary bile acid (taurodeoxycholic acid). Therefore, a decrease in secondary bile acid concentration by these polyphenolic compounds may reduce the risk factor for developing colorectal cancer.

2.3. The Solubility of Cholesterol in Micelles {#sec2dot3-molecules-16-05054}
----------------------------------------------

As shown in [Figure 3](#molecules-16-05054-f003){ref-type="fig"}, gallic acid, catechin, and epicatechin (0.2 mg/mL) significantly reduce the solubility of cholesterol in artificially prepared micelles by 27.26 ± 2.17%, 11.88 ± 0.75%, and 19.49 ± 3.71%, respectively, whereas cellulose (0.2 mg/mL) reduced cholesterol solubility by approximately 20.3 ± 1.34%. The principal steps in the absorption of dietary cholesterol are emulsification, hydrolysis of the ester bond by a pancreatic esterase, micellar solubilization, and absorption in the proximal jejunum \[[@B18-molecules-16-05054]\]. It has recently been reported that the reduction of cholesterol absorption by reducing the solubility of cholesterol micellization in the intestinal lumen is a new target site of intervention for the treatment of hyperlipidemia and obesity \[[@B19-molecules-16-05054]\]. In addition, the cholesterol-lowering effect of grape seed extract has also been reported. It has shown that the oral administration of grape seed extract with a high fat emulsion decreases blood cholesterol levels \[[@B15-molecules-16-05054]\]. In the present study, it can be speculated that gallic acid, catechin, and epicatechin in grape seed extract may play a vital role in the suppression of cholesterol absorption by reducing solubility of cholesterol micellization.

The reduced cholesterol solubility in micelles has also been reported for green tea epigallocatechin gallate (EGCG) \[[@B20-molecules-16-05054],[@B21-molecules-16-05054]\]. It is suggested that EGCG interferes with the structure of micellar cholesterol, inducing the micelles to be larger and insoluble, thus inhibiting their formation. We hypothesize that the reduction of solubility of cholesterol micellization by gallic acid, catechin, and epicatechin may be associated with changes in the structure of micellar cholesterol. To prove this hypothesis, further investigation on changes in the structure of micellar cholesterol is needed.

3. Experimental {#sec3-molecules-16-05054}
===============

3.1. Chemical {#sec3dot1-molecules-16-05054}
-------------

(+)-Catechin, (--)-epicatechin, gallic acid, *p*-nitrophenylbutylrate (*p*-NPB), oleic acid, phosphatidyl-choline, glycodeoxycholic acid, taurodeoxycholic acid, taurocholic acid and porcine cholesterol esterase were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Cholesterol test kits were purchased from HUMAN GmbH Co. (Wiesbaden, Germany). A total bile acid kit was purchased from Bio-Quant Co. (San Diego, CA, USA). All other chemical reagents used in this study were of analytical grade.

3.2. Pancreatic Cholesterol Esterase Assay {#sec3dot2-molecules-16-05054}
------------------------------------------

The pancreatic cholesterol esterase inhibition assay was performed according to a previously reported method \[[@B22-molecules-16-05054]\]. Various concentrations of each compound were incubated with mixtures containing 5.16 mM taurocholic acid, 0.2 mM *p*-NPB in 100 mM sodium phosphate buffer, 100 mM NaCl, pH 7.0. The reaction was initiated by adding porcine pancreatic cholesterol esterase (1 μg/mL). After incubation for 5 min at 25 °C, the mixtures were measured the absorbance at 405 nm. Simvastatin was used as a positive control for this study.

3.3. Bile Acid Binding Assay {#sec3dot3-molecules-16-05054}
----------------------------

The bile acid binding assay was slightly modified according to a previous method \[[@B23-molecules-16-05054]\]. Briefly, each compound was incubated with bile acid (2 mM) containing 0.1 M phosphate buffer-Saline (PBS), pH 7 at 37 °C for 90 min. The mixtures were filtered through 0.2 μm filter and frozen at −20 °C until analysis was carried out. The bile acid concentration was determined by using a bile acid analysis kit. Cholestyramine was used as a positive control in this study.

3.4. Cholesterol Micellization {#sec3dot4-molecules-16-05054}
------------------------------

Artificial micelles were prepared according to a previously published method \[[@B19-molecules-16-05054]\] with minor modifications. Briefly, the solution (2 mM cholesterol, 1 mM oleic acid, and 2.4 mM phosphatidylcholine) were dissolved in methanol and dried under nitrogen before adding 15 mM phosphate-buffered saline (PBS) containing 6.6 mM taurocholate salt, pH 7.4. The suspension was sonicated twice for 30 min using a sonicator. The micelle solution was incubated overnight at 37 °C. Each compound and equivalent PBS as control were added to the mixed micelle solution and incubated for a further 2 h at 37 °C. The solution was then centrifuged at 16,000 rpm for 20 min. The supernatant was collected for the determination of cholesterol concentration by using total cholesterol test kits. Cellulose was used as a positive control in this study.

4. Conclusions {#sec4-molecules-16-05054}
==============

Our data clearly indicate that the three major polyphenols in grape seed -- gallic acid, catechin, and epicatechin -- are shown to inhibit pancreatic cholesterol esterase. In particular, they also bind to bile acids, and reduce the solubility of cholesterol in micelles. The present study provides the scientific evidences for the cholesterol-lowering mechanisms of three major polyphenols present in a particular grape seed.
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